ABSTRACT PURPOSE: To assess visual, optical, and fi tting characteristics for wavefront-guided soft contact lenses produced for one habitual soft lens-wearing moderate keratoconic eye.
METHODS:
A process for production and evaluation of custom wavefront-guided soft contact lenses was developed. Wavefront aberrations were quantifi ed with the COAS-HD wavefront sensor (Wavefront Sciences); soft contact lenses containing both high and low order aberrations were designed with custom software and produced using an ophthalmic lens lathe. Photopic high and low contrast logMAR visual acuity were recorded with the lens in place over an artifi cial 5-mm pupil and residual 2nd to 10th order root-mean-square (RMS) aberrations were analyzed over a 5-mm pupil. Comparisons were made to the eye's habitual toric soft contact lens using t tests.
RESULTS:
Photopic high contrast values for habitual and fi nal custom contact lenses for a 5-mm pupil were 0.07Ϯ0.06 and Ϫ0.08Ϯ0.05, respectively. Photopic low contrast values were 0.73Ϯ0.06 and 0.62Ϯ0.07, respectively. Habitual and fi nal custom correction low order RMS over a 5-mm pupil were 2.08 and 0.34 µm, and high order RMS levels were 0.77 and 0.39 µm, respectively.
CONCLUSIONS:
The fi nal custom contact lens showed 1.5 lines of improvement for photopic high contrast (P=.03) and 1 line for photopic low contrast (P=.11) over a 5-mm pupil compared to habitual correction. Low and high order aberrations were reduced by 84% and 50% over a 5-mm pupil, respectively. Further improvements in performance of custom lenses may be achieved with further wavefront iterations. [J Refract Surg. 2007; 23:960-964.] K eratoconus is a corneal disease that leads to thinning, weakening, and alteration of the stroma.
1,2 Due to the fact that the stroma makes up the bulk of the thickness of the cornea, deformations in the stroma are responsible for alterations of the shape of the cornea as a whole. Because the cornea acts as an optical instrument (the most powerful such instrument in the ocular system), the morphological changes associated with keratoconus are accompanied by the induction of optical defects or aberrations. Previous studies in the literature have detailed such aberrations that are present in keratoconic eyes. 3, 4 Data have demonstrated that, on average, best corrected visual performance in non-scarred eyes with keratoconus (regardless of the correction method used) is reduced compared to normal levels. 5, 6 Further, recent work has linked uncorrected, residual ocular aberrations in keratoconic patients wearing rigid gas permeable (RGP) contact lenses to reduced visual performance through the use of optical quality metrics. 7 This fi nding suggests that although RGP lenses significantly reduce optical aberrations induced by keratoconus, methods should be sought to further target residual optical aberrations.
Custom Wavefront-guided Soft Contact Lenses/Marsack et al
One such method under investigation comes in the form of a custom wavefront-guided soft contact lens. This idea has been the subject of numerous reports that have covered relevant topics such as the impact on visual performance of lens rotation and displacement, [8] [9] [10] design principles, 11 the feasibility of implementing custom lenses, [12] [13] [14] the optical impact of correcting higher order aberrations, 15, 16 and how to represent aberration structures. [17] [18] [19] [20] These theoretical studies have been applied to practice in recent demonstrations of wavefrontguided corrections. 21, 22 The purpose of this study was to investigate the process implemented at the Visual Optics Institute, College of Optometry, University of Houston for the design, manufacture, and evaluation of wavefrontguided soft contact lenses for one habitual soft contact lens-wearing, moderate keratoconic patient.
PATIENTS AND METHODS
Appropriate University Institutional Review Board and informed consent approval was obtained prior to initiating data collection. One patient (SC1) with clinically diagnosed keratoconus was enrolled in this initial proof-of-principle custom wavefrontguided soft contact lens study. The right eye of this patient with moderate keratoconus (determined from max simK reading of 47.10 D using the Keratron corneal topographer [Optikon, Rome, Italy]) was studied.
Moderate keratoconus severity was identifi ed in a similar manner to the Collaborative Longitudinal Evaluation of Keratoconus (CLEK) baseline study, 5 where the distinction between mild, moderate, and severe keratoconus was between steep keratometric powers of 45.00 and 52.00 D (the CLEK study used keratometry to obtain these measurements). Visual performance testing was conducted on the habitual soft contact lens (SofLens 66; Bausch & Lomb, Rochester, NY) and a series of four iteratively produced custom lenses. No attempt was made to further optimize the habitual lens for the purposes of the experiment reported here.
Both photopic high contrast and photopic low contrast visual acuity measurements were collected. Photopic high contrast was recorded because it is the clinical standard for assessing visual performance. Photopic low contrast was recorded because it has been shown that low contrast visual acuity is more sensitive to optical degradation than high contrast visual acuity. 23 The Michelson contrast level was 4% for the low contrast charts and 87% for the high contrast charts. Visual acuity on each chart was determined using previously published procedures. [24] [25] [26] Visual acuity measurements were recorded and reported for the fi nal custom wavefront-guided soft contact lens and the habitual soft contact lens for a dilated pupil viewing the target through a 5-mm artifi cial pupil.
A series of four custom wavefront-guided soft contact lenses was designed and produced for the right eye of the patient. The initial lens designed and tested (L 0 ) was a fi tting lens with a toric posterior surface and a spherical, prism-ballasted anterior surface. After insertion of any given lens (L x ) in the series, the patient was given 10 to 20 minutes to allow the lens to equilibrate to the eye. Rotation and translation of a custom lens (L x ) on the eye were determined by quantifying the position of the two alignment marks on the anterior surface of the eye relative to the pupil center with a custom-built digital slit lamp. The macro properties (eg, base curve, prism, and edge radius) of L 0 were conserved, where possible, in successive lens designs. Changes were made to the macro properties of the lens only when clinical evaluation of the lens deemed modifi cation necessary to improve the lens fi t or facilitate stability.
Residual eye ϩ lens optical aberration for each lens was quantifi ed using a 10th order Zernike polynomial with a COAS-HD wavefront sensor (Wavefront Sciences, Albuquerque, NM). The Zernike terms targeted for correction in this study varied by lens. L 1 contained full 2nd to 3rd order correction and L 2 and L 3 contained full 2nd to 4th order correction. Modes in higher orders were left uncorrected. Data reported in the literature predict a full 4th order correction may provide a patient who has 47.10 D max steep keratoconus with high contrast logarithm of the minimum angle of resolution (logMAR) visual acuity of 0.0. 7 In this series of lenses, the aberration patch described by wavefront aberration data was quantifi ed over a maximum non-dilated pupil size (which varied slightly depending on the iteration) and was then scaled to describe a 6.5-mm diameter pupil. Scaling of the wavefront patch was meant to artifi cially increase the size of the wavefront zone of the lens beyond the measured pupil. Although it was known that this would induce errors in the wavefront correction, it was hypothesized that these errors would be corrected through the iterative prescription of future custom lenses and that the errors would become smaller with each iteration.
The aberration structure present in the 6.5-mm diameter wavefront patch of each lens (L x ), where xϾ0, was determined by adding the aberration structure previously measured through L x-1 on the eye to the wavefront patch present in L x-1 . To account for rotation of the lens on the eye, the rotational offset quantifi ed through L x-1 using the procedure described above was applied before addition to the aberration structure of L x-1 . In this series of custom Custom Wavefront-guided Soft Contact Lenses/Marsack et al lenses, translational offsets are not incorporated into the design and placement of the wavefront patches. After visual performance testing was complete with each custom contact lens, the lens was removed and optically profi led in the ClearWave contact lens aberrometer (Wavefront Sciences). This specialized Shack-Hartmann wavefront sensor is designed to quantify and report the Zernike aberration structure of a contact lens.
The patient completed the study after four custom contact lenses were tested, regardless of visual performance or the level of aberration correction achieved. Comparisons between the habitual soft contact lens and the fi nal custom wavefront-guided soft contact lens were done using t tests.
RESULTS
Entrance photopic high contrast visual acuity (undilated) for the physiological pupil size is Ϫ0.04 logMAR. This level of entrance visual acuity is better than average entrance visual acuity for patients with keratoconus (regardless of correction method or scarring) as reported by the CLEK study, where only 33.9% of patients had high contrast entrance visual acuity of 0.0 or better in at least one eye.
5 Table 1 reports both the low contrast and high contrast logMAR visual acuity data recorded with the habitual soft contact lens and fi nal custom wavefront-guided soft contact lens for a dilated pupil of patient SC1 viewing through a 5-mm artifi cial pupil. Only the visual acuity with the fi nal custom contact lens is reported because visual performance data for the 5-mm pupil were not collected on the interim custom wavefront-guided soft contact lenses. The impact of uncorrected low and high order aberrations on visual performance can be seen in this 5-mm pupil dataset. Table 2 reports the on-eye low order root-meansquare (RMS) and high order RMS for the habitual contact lens correction and fi nal custom contact lens correction studied over a 5-mm pupil. These data are reported at the same pupil size used for quantifi cation of visual performance measures in Table 1 . Both low order aberrations and high order aberrations are reduced for the fi nal custom contact lens compared to the habitual contact lens. Low order aberrations are reduced from 2.076 to 0.336 µm, or by 84%. The residual low order aberration present during fi nal custom wavefront-guided soft contact lens wear of 0.336 µm has a spherical equivalent manifest refraction of Ϫ0.373 D over a 5-mm pupil. Importantly, high order aberrations (the aberrations that cannot be effectively treated by the habitual soft contact lens correction) are reduced from 0.770 to 0.386 µm, or by 50%. However, this level of higher order aberration remains outside the normal range for a sample matched for age and pupil size of 0.174Ϯ0.062 µm. 
DISCUSSION
The goal of this study was to design, manufacture, and evaluate basic custom wavefront-guided soft contact lenses for one habitual soft contact lens-wearing, Custom Wavefront-guided Soft Contact Lenses/Marsack et al moderate keratoconic patient. Although this patient may not be considered as typical for keratoconus due to the habitual mode of correction, we considered this as a logical starting point for evaluation of custom wavefront-guided soft contact lenses based on the patient's familiarity with soft contact lens wear and ability to achieve excellent habitual logMAR visual acuity with a traditional soft lens correction. Table 1 shows that high contrast logMAR visual acuity statistically signifi cantly improved from the habitual soft contact lens value of 0.07Ϯ0.06 to the fi nal custom contact lens value of Ϫ0.08Ϯ0.05 over a 5-mm pupil (P=.03). Low contrast values for the same correction modalities improved from 0.70Ϯ0.06 to 0.62Ϯ0.07 µm over a 5-mm pupil, but did not reach statistical signifi cance (Pϭ.11). Table 2 demonstrates low order RMS over a 5-mm pupil zone decreased from 2.076 µm to 0.336 µm for the habitual contact lens correction and custom contact lens correction, respectively. High order RMS levels decreased from 0.770 µm to 0.386 µm for the habitual contact lens correction and custom contact lens correction, respectively.
A reduction in both low order (84%) and high order (50%) RMS error was demonstrated for the custom contact lens compared to the habitual contact lens at a 5-mm pupil size. It seems plausible that the patient would be relatively unhappy with the habitual correction considering the elevated level of residual aberration this correction leaves in place. However, under physiological conditions, where the pupil only reached approximately 4 mm, the patient achieved Ϫ0.04 logMAR visual acuity with residual low and high order aberrations of 1.27 and 0.44 µm, respectively. The importance of pupil size is demonstrated, resulting in a decrease in low and high order aberrations for the habitual contact lens correction of 39% and 42%, respectively, from the 5-to 4-mm pupil. The considerable reduction in aberration for the smaller pupil size may help explain why the patient is satisfi ed with the habitual soft contact lens visual acuity.
The goals of this study were achieved by demonstrating the ability to design, manufacture, and test custom wavefront-guided soft contact lenses on a keratoconic eye. The study also demonstrated the ability of such lenses to improve visual performance and reduce both high and low order optical aberrations.
